The 28.6 kDa vaccinia virus complement control protein (VCP) is an inhibitor of the complement system and has therapeutic potential. It is composed of four domains or modules and is a homologue of complement receptor 1 (CR1) and other mammalian regulators of complement activation. A key aspect to structure-function relationships in these proteins is the extent of intramolecular module-module interactions, since these dictate the overall shape and flexibility of the molecules. A protein fragment (VCP" 2,3) encompassing modules 2 and 3 of VCP was over-expressed in Pichia pastoris. Ultracentrifugation showed that VCP" 2,3 is highly asymmetric with an axial ratio of 5.3 : 1, which is consistent with an end-to-end arrangement of the two modules. NMR spectroscopy, differential scanning calorimetry, CD and intrinsic tryptophan fluorescence were used
INTRODUCTION
A protein of molecular mass 28.6 kDa, encoded by the viral gene C21L, is present in the medium of cells infected with vaccinia virus [1] . This protein is an inhibitor of both the classical and alternative pathways of complement and serves to defend the virus against complement-mediated attack [2, 3] . The structural basis of this biological property is of interest because the inhibition of complement is an important therapeutic goal in numerous clinical situations.
The amino acid sequence of the secreted protein is consistent with the presence of complement protein (CP) modules, also called short consensus repeats. CP modules have been found in more than 50 proteins, but are most prevalent in the six mammalian proteins that regulate complement activation, the regulators of complement activation (RCA) proteins [4] . CP modules each consist of 50-70 amino acid residues and have two disulphide bonds, a virtually invariant tryptophan, and several well-conserved glycines, prolines and hydrophobic residues [5] . They have compact three-dimensional structures with N-and Ctermini at opposite ends. Several contiguous modules are required to form each of the binding sites of RCA proteins. Therefore the way in which modules are oriented with respect to their neighbours, and the degree of intermodular flexibility, are of functional relevance.
There are four potential CP modules in the secreted vaccinia virus protein, which together make up its entire sequence, apart from 20 residues at the N-terminus. The solution structure of the C-terminal part of vaccinia virus complement control protein Abbreviations used : VCP, vaccinia virus complement control protein ; VCP" 2,3, a fragment of VCP comprising modules 2 and 3 ; RCA, regulators of complement activation ; CP, complement protein ; CR1, complement receptor type 1 ; CR1" 16,17 and CR1" 15-17, fragments of CR1 comprising modules 16 and 17 and 15-17 respectively ; DSC, differential scanning calorimetry ; HSQC, heteronuclear single-quantum coherence ; GdmCl, guanidinium chloride. 1 To whom correspondence should be addressed (marina!chem.ed.ac.uk).
to monitor unfolding of VCP" 2,3. Experiments performed over a range of temperatures and concentrations of guanidinium chloride revealed that module 2 unfolds under milder conditions than, and independently of, module 3. Unfolding of module 2 is not associated with extensive changes in amide "&N Key words : CP modules, unfolding, regulators of complement, short consensus repeat, viral mimicry.
(VCP), comprising modules 3 and 4 (VCP" 3,4), has been solved using NMR [6] . This work showed that these modules are joined in an end-to-end manner, forming an elongated structure with a relatively small intermodular interface (Figure 1, top) . "&N-relaxation studies indicated that the two modules form a fairly rigid unit. This is in contrast to another example of a CP-module pair, modules 15 and 16 of the RCA protein, factor H, where it has proved difficult to define the intermodular orientation [7] . Thus, there is variation in the manner in which adjacent CP modules are arranged with respect to their neighbours. Since all CP modules studied so far have very similar three-dimensional structures (despite low sequence homology) the main challenge in the structural biology of these proteins is to determine the intermodular orientation and flexibility. These are dictated by the nature and the extent of the interface between modules. The gene for VCP has probably developed from an initial gene-capture event, by which the virus has attained a part, or all, of the host gene and has subsequently adapted the gene for its own purposes. VCP has a functional profile which is more similar to the 30 CP module protein, complement receptor type 1 (CR1) than to any other RCA protein, despite the difference in size between VCP and CR1. The four CP modules of VCP show distinct sequence similarity with modules 1-4, modules 8-11 and modules 15-18 of CR1. These three regions of CR1 are known to recognize and bind to complement proteins C3b and C4b, key components of the complement cascade. Figure 1 , bottom, shows a sequence comparison of modules 1, 2 and 3 of VCP, with modules 15, 16 and 17 of CR1. VCP also has high sequence Figure 1 Structure and sequence of CP modules from VCP [6] (Top panel) Molscript [29] representation of the NMR-derived structure of VCP" 3,4 showing the positions of the highly conserved tryptophan residues. (Bottom panel) Sequence alignment for modules 1, 2 and 3 of VCP and modules 15, 16 and 17 of CR1. The bold arrows and the associated boxes indicate the eight short β-strands found in VCP" 3 [6] . Strands 2 and 3 are joined by a hypervariable sequence. Solid vertical lines indicate sequence identity, dotted vertical lines indicate conservative substitutions. The two disulphide bonds in each module are indicated. The numerals indicate the amino acid numbering scheme used for VCP" 2,3 in this paper.
similarity with modules 1-4 of C4 binding protein chain b and membrane cofactor protein, two other RCA proteins.
In a previous paper [8] , we showed how thermodynamic parameters associated with the melting of modules and intermodular junctions in a C3b-binding site of CR1 (CR1" [15] [16] [17] can be interpreted in structural terms. In the present work, a combination of biophysical techniques has been used to study the unfolding of a fragment of VCP and the results are compared with those obtained previously for the equivalent modules of CR1 [8] .
EXPERIMENTAL

Purification procedure
The vaccinia virus genome (a gift from Dr. Geoffrey Smith, Department of Pathology, Oxford University, Oxford, U.K.) was used as a template for the amplification of the coding sequence of modules 2 and 3 of VCP using primers which incorporated EcoRI and NotI restriction sites at the 5h and 3h ends of the VCP" 2,3 coding sequence respectively. The PCR product was ligated into the Pichia pastoris expression vector pPICZαA (Invitrogen, San Diego, CA, U.S.A.). Escherichia coli top 10Fh cells were transformed with the pPICZαA\VCP" 2,3 construct. Colonies were screened by EcoRI-NotI digestion of the plasmid DNA (miniprep kit, Qiagen, Hilden, Germany) and plasmid DNA was sequenced using the dye termination method (Amersham Pharmacia, Uppsala, Sweden). A plasmid containing the gene in the correct orientation was purified using the Wizard midiprep method (Promega, Southampton, U.K.) and linearized using the SalI restriction enzyme before transformation of P. pastoris mut s strain, KM71, using electroporation (Bio-Rad Pulser, Hercules, CA, U.S.A.). Transformants were selected by ability to grow on yeast peptone dextran zeocin plates (50 µg\ml). Subsequently, transformants were screened for protein production by growth in 15 ml of buffered minimal glycerol medium (BMG ; prepared as described in the Invitrogen manual) for approx. 24 h at 30 mC, or until an attenuance of between 2 and 6 was reached. Once the desired cell density had been attained, the cells were harvested (5000 g for 10 min) and resuspended in 15 ml of buffered minimal methanol medium (BMM ; prepared as described in the Invitrogen manual). This cell resuspension was grown for 5 days, with a 1 ml sample of the supernatant being collected each day and analysed by SDS\PAGE. Methanol was added every 24 h to a final concentration of 1 % to maintain induction levels. A 1 ml sample of supernatant from a highexpression clone was used for protein sequencing after it had been tested by SDS\PAGE and blotted on to nitrocellulose.
For large-scale expression, the clone was grown overnight in 2 litres of BMG medium at 30 mC in a shaking incubator until a D '!! of between 2 and 6 was attained. The pellet was then harvested by centrifugation (5000 g for 10 min) and resuspended in 400 ml of BMM medium to induce expression. Aliquots were removed and methanol was added at 24 h intervals as before. After 4-5 days of induction, the supernatant was collected (10000 g for 1 h, the pellet was discarded) and concentrated to " 50 ml using an Amicon concentrator (3 kDa cut-off) before being centrifuged at 20 000 g for 1 h, retaining only the supernatant for further analysis. The supernatant was applied to a PD-10 (Amersham Pharmacia) gel-filtration column, previously equilibrated with 5 mM sodium acetate, pH 4.0, and eluted in a volume of 3.5 ml. The eluate was filtered through a 0.2 µm membrane and applied to a Mono-S cation-exchange column (Amersham Pharmacia) equilibrated in 5 mM sodium acetate, pH 4.0. A linear gradient of 0-1 M NaCl (20 min) was applied and VCP" 2,3 was eluted at 0.6 M NaCl. The absorbance was monitored at 280 nm. All fractions corresponding to absorbance peaks were analysed by SDS\PAGE for the presence of VCP" 2-3. For MS analysis, the fractions containing pure VCP" 2,3 were desalted using a C % reverse-phase column, eluted with an acetonitrile gradient, freeze-dried, dissolved in 50 % acetonitrile in aqueous solution containing 0.1 % formic acid and analysed by electrospray-ionization MS (Micromass, Manchester, U.K.). The mass obtained was 13582 Da, which is within one mass unit of the expected mass of the VCP" 2,3 sequence plus EAEFIK at the N-terminus, which is a cloning artefact. For NMR experiments, freeze-dried VCP" 2,3 was dissolved in 550 µl of 10 mM sodium phosphate, pH 6.0, and 50 µl of #H # O. To prepare the "&N-labelled sample, the nitrogen source for both BMG and BMM media, normally yeast nitrogen base (YNB), was replaced with YNB which had no amino acids present (Difco). "&N-Ammonium sulphate was added to a con-centration of 0.2 % and the growth carried out as described above.
For all experiments a buffer containing 10 mM sodium phosphate, pH 6.0, was used.
Analytical ultracentrifugation
Analytical ultracentrifugation experiments were performed using Beckman Optima XL-A and XL-I analytical centrifuges with absorption and Rayleigh interference optics. Both the centrifuges had full on-line computer data capture and analysis facilities (Beckman, Palo Alto, CA, U.S.A.). Sedimentation velocity experiments were performed at 4 mC at a rotor speed of 55000 rev.\min using a 12 mm optical path-length cell containing 400 µl of sample. Sedimentation coefficients were evaluated from the absorption traces using the Svedberg algorithm as described by Philo [9] . The axial ratio a\b was evaluated from the Perrin shape function, P, for ellipsoids of revolution [10] using the routine ELLIPS1 [11] .
Differential scanning calorimetry (DSC)
DSC studies were conducted on an MC-2 differential scanning calorimeter (Microcal, Northampton, MA, U.S.A.) with the assistance of Professor Alan Cooper and Margaret Nutley (University of Glasgow, Glasgow, Scotland, U.K.). The cell volume was 1.5 ml, the rate of heating was 1 mC\min, and excess pressure was kept equal to 80 bar (1 bar l 10& Pa). The partial molar heat capacity and melting curve were analysed using standard procedures [12] . The data were processed using the software ORIGIN.2 (Microcal). The protein concentration was 0.7-3 mg\ml as determined by measurements of absorbance at 278 nm according to a calculated [13] absorption coefficient of 1.2 for a 1 mg\ml solution of VCP" 2,3 in a path-length of 1 cm.
CD
CD measurements were performed using a Jasco-600 spectropolarimeter (Japan Spectroscopic Company, Tokyo, Japan) with a cylindrical quartz cell of path-length 0.02 cm. The protein concentration was 0.2 mg\ml. All measurements were recorded at 25 mC except where stated. In order to obtain plots of percentage total change versus temperature, the maximum ellipticity and reading at p1.0 nm of the maximum were averaged to smooth experimental errors in the curves.
NMR
NMR measurements were performed with the assistance of Dr. Dusan Uhrin (University of Edinburgh, Edinburgh, Scotland, U.K.) on a Varian (Palo Alto, CA, U.S.A.) Inova NMR spectrometer operating at 600 MHz (proton frequency) in a 5 mm triple-resonance pulsed-field gradient probe. The "&N-"H heteronuclear single-quantum coherence (HSQC) spectra of 0.3-0.6 mM samples of recombinant "&N-labelled protein were acquired for 50 min each, at a range of temperatures from 25 to 55 mC, using the composite-pulse Watergate for water suppression [14] . HSQC spectra of VCP" 2,3 in the presence of guanidinium chloride (GdmCl) were collected at 25 mC. Data were processed and plotted using AZARA (Wayne Boucher, Department of Chemistry, University of Cambridge, U.K.).
Intrinsic tryptophan fluorescence measurements
Intrinsic tryptophan fluorescence measurements were performed on a Perkin-Elmer LS-50B spectrofluorimeter in a 100 µl cuvette of 0.3 cm path-length at 25 mC. The excitation wavelength was 295 nm and the emission spectra were recorded over 300-500 nm. The spectral bandwidth was 10 nm and protein concentration was 0.3 mg\ml. The change in fluorescence intensity as a function of denaturant was converted into fraction of protein unfolded by linear fitting in regions at low and high denaturant concentrations and then analysed by GRAFIT (Erithacus Software, Staines, U.K.) with equations [15] for one or two independent two-state unfolding transitions.
Molecular modelling
Models of the tertiary structure of VCP" 2, CR1" 15 and CR1" 16 were constructed with the program MODELLER [16] using homology to the known single and double CP-module structures. Molecular dimensions of individual modules were obtained by first aligning the modules along their principal moments of inertia using the program ' Inertia ' (available from Dr A. R. C. Raine, Department of Chemistry, University of Cambridge, Cambridge, U.K.). To avoid the problem of extended side-chains artificially increasing the apparent dimensions of the modules, molecular dimensions were defined as the distances along each of the three principal axes from the centre of mass of the structure, within which 95 % of the heavy atoms were found. Axial ratios of the modules were then calculated by dividing the longest dimension by the mean of the two shortest dimensions. ' Core ' atoms within the structures were defined as those atoms with no accessible surface as calculated by NACCESS (available from the authors S. J. Hubbard and J. M. Thornton, Department of Biochemistry and Molecular Biology, University College London, London, U.K.). Hydrogen bonds were calculated using the program HBPLUS [17] . Volume and accessible surface area were calculated using GRASP [18] .
RESULTS
Analytical ultracentrifugation studies and the shape of VCP" 2,3
The average value of the Svedberg coefficient (s! #!,w ) evaluated
Figure 2 Differential scanning calorimetry profile of VCP" 2,3
Experimental data after base-line subtraction are shown by the solid line. The broken line indicates the computer-fitted data. Arrows indicate the temperatures at which NMR data were collected (see Figure 3) . Cross-peaks assigned to module 2 and module 3 are in red and black respectively. Cross-peaks where module assignment is difficult, because they are in a crowded position or because they correspond to random-coil positions, are in green. Spectra were recorded at various temperatures as indicated, and (bottom right) in the presence of 1 and 2 M GdmCl at 25 mC. For the spectrum collected at 37 mC, sequence-specific assignments are shown for well-dispersed cross-peaks. Central modules of vaccinia virus complement control protein are not in extensive contact 
Temperature-induced unfolding of VCP" 2,3
DSC studies
The thermal unfolding of VCP" 2,3 has been studied using DSC. A plot of partial heat capacity against temperature shows a transition with a midpoint at 57 mC (Figure 2) . The value for the calorimetric enthalpy, 86 kcal\mol (1 cal 4.184 J), is consistent with the value obtained for other globular proteins of a similar size [12] .
A distinct shoulder on the calorimetric profile, and a value 1 for the ratio of calorimetric and van't Hoff enthalpies (∆H cal \∆H eff ), both indicate that the protein does not represent a single co-operative system, but rather that melting of the various components occurs at similar, but not identical, temperatures [19] . In addition to the major transition at 57 mC, there is a minor transition in the 30-40 mC range. In repeated scans, this was present either as a discrete peak or as a shoulder on the edge of the main feature. By using the calorimetry profile as a guide, NMR spectroscopy can be performed on VCP" 2,3 at different temperatures to ascertain the order in which components melt.
NMR studies
Two-dimensional "H,"&N-HSQC spectra correlate amide proton and nitrogen chemical shifts. Thus in a "H,"&N-HSQC spectrum of a protein, a cross-peak may be expected for each non-proline amino acid and for some side-chains. Formation of secondary and tertiary structure results in dispersion of HSQC cross-peaks over a wide range of chemical shifts. On the other hand, amide protons within a random-coil polypeptide have a very narrow range of proton chemical shifts and tend to overlap. Conformational exchange results in broadening or doubling of peaks. Thus, an HSQC spectrum provides a reliable method of assessing whether a protein or protein domain is compactly folded or not.
In the case of "&N-labelled VCP" 2,3, most of the cross-peaks in a "H,"&N-HSQC spectrum collected at 37 mC were assigned to specific amino acid residues ( Figure 3 ) using a set of standard 2-and 3-dimensional NMR techniques. This allows the monitoring of individual amino acids at different temperatures. Figure 3 (top-left panel) shows the "H,"&N-HSQC spectrum of VCP" 2,3 collected at 25 mC on a 1 mM sample and displaying approx. 120 well-dispersed, sharp, cross-peaks, consistent with a fully-folded, monodisperse protein. Figure 3 also shows "H,"&N-HSQC spectra collected at 30, 37 (annotated with assignments), 40, 45, 52 and 55 mC respectively. Many of the well-dispersed peaks do not show extensive changes in chemical shift with increasing temperature and can be identified readily (Figure 3) . The small deviation in the position of peaks which occurs between 25 and 40 mC indicates that no significant unfolding of modules has occurred over this temperature range. Between 40 and 45 mC, the cross-peaks assigned to module 2 become lower in intensity and new cross-peaks consistent with the presence of random-coil structure appear (e.g. Trp side-chain at "H δ l 10 p.p.m. for H ε ", "&N δ l 130 p.p.m. for N ε "). The disappearance or splitting of cross-peaks observed in the range 45-55 mC (Figure 3 ) corresponds mainly to the loss of tertiary structure in module 2. This may be concluded, since at 52 mC most of the dispersed peaks assigned to module 2 (1-68) have moved and are not identifiable or have disappeared. In contrast, many of the cross-peaks corresponding to module 3 (69-127) are still recognizable at 55 mC. Thus, signals arising from module 2 fade rapidly with increasing temperature, whereas the majority of peaks of module 3 remain well dispersed. These data indicate that module 2 of the VCP" 2,3 fragment is less stable to temperature than module 3. Figure 4 shows the intensity of selected HSQC cross-peaks from equivalent residues in modules 2 and 3 after incubation of VCP" 2,3 in 99.8 % #H # O at 37 mC for various periods of time between 13 and 120 min. Under these conditions, amide protons may be replaced by deuterons through chemical exchange. This process appears to occur more rapidly in module 2 than in module 3. There are very few cross-peaks for module 2 detectable
Figure 5 Temperature-induced unfolding followed by CD
A series of far-UV CD spectra for VCP" 2,3 were collected over a range of temperatures, as indicated by the numerals on the Figure. A spectrum was collected at 20 mC after cooling of the sample which resulted in protein renaturation (renat).
after 60 min, in contrast to module 3. In the case of both modules, those amides which exchange more slowly correspond to the predicted β-sheet structure for CP modules. These data indicate that at 37 mC, module 2 is less compactly folded than module 3.
CD studies
Far-UV CD spectra of proteins are dominated by peptide-bond dichroism and are sensitive to the extent and nature of secondary structure. CD spectra of VCP" 2,3 revealed an unusual, strong positive signal in the far-UV region. Figure 5 shows CD spectra of VCP" 2-3 obtained over a range of temperatures, 20-75 mC.
Figure 6 GdmCl-induced unfolding monitored by intrinsic tryptophan fluorescence
Intensity of fluorescence at 340 nm as a function of GdmCl concentration. In order to extract thermodynamic parameters from the two sharp transitions, the data were fitted to two independent transitions (inset) as described in the text.
Comparatively small changes (6 % loss of the characteristic positive peak at 230 nm) are observed below 40 mC. An approx. 30 % loss of the CD signal takes place at 55 mC and a 55 % loss occurs at 60 mC, whereas at 70 mC the peak has disappeared and the CD signal indicates that the structure is that of a random coil. This behaviour is in good agreement with the DSC data. On cooling to 20 mC, the characteristic signal at 230 nm is regained, indicating that the thermal unfolding is reversible.
GdmCl-induced unfolding of VCP" 2,3
Fluorescence studies GdmCl-induced equilibrium unfolding of VCP" 2,3 has been monitored by intrinsic tryptophan fluorescence. Each module has a conserved Trp and there are no Trp residues elsewhere in the sequence (Figure 1, top) . On the basis of homology with experimentally derived structures, the conserved Trp side-chains can be expected to occupy positions within the hydrophobic cores of the modules, close to the disulphide bond and the junction with the next module. The increase in the intensity of tryptophan fluorescence upon denaturation of VCP" 2,3 at 340 nm was about 10-fold ( Figure 6 ). An initial increase in intensity, corresponding to 30 % of the total change, occurs between 0 and 2.5 M GdmCl. This is followed by two major structural transitions with midpoints at 2.75 M and 4.5 M GdmCl ; these corresponded to free energy changes of 81.6p22. 
NMR studies of VCP" 2,3 in GdmCl
"H,"&N-HSQC spectra were collected and analysed to assess the stability of VCP" 2,3 modules in the presence of 1 and 2 M GdmCl. In 1 M GdmCl, strong, sharp cross-peaks corresponding to both modules 2 and 3 are present ( Figure 3) and there is only a slight indication of random-coil structure. The initial increase in relative fluorescence intensity (about 12 % of the total change) is therefore probably not entirely due to module unfolding, and could well correspond to unfolding of the intermodular interface. At 2 M GdmCl, the intensity of cross-peaks for both modules 2 and 3 decreases, but the loss of intensity is more marked for module 2 than for module 3 ( Figure 3 ). This implies that at 2 M GdmCl, module 2 is unfolding to a greater extent than module 3 and that module 2 is partially unfolded prior to the mid-point of the first major transition monitored by fluorescence.
Modelling studies
Given the good conservation of ' scaffold ' residues among CP modules of VCP and CR1, it is possible to build reliable structural models of individual CP modules on the basis of homology. In order to rationalize the data obtained for the unfolding of VCP modules 2 and 3, and to compare them with the results of previous studies of the homologous modules 16 and 17 from CR1, a modelling exercise was undertaken.
The three unknown (VCP" 2, CR1" 16 and CR1" 17) CPmodule structures were modelled by homology with known CP-module structures, including that of VCP" 3 [6] . In each case, five modelled structures were generated. The values for the axial ratios of the four single modules were : 2.1 : 1 for CR1" 16, 2.2 : 1 for CR1" 17, 2.0 : 1 for VCP" 2 and 1.9 : 1 for VCP" 3. As expected, the conserved Trp residue was found to be buried within the core of each of the model structures. A number of structural analyses of these models and of five experimentally determined structures of VCP" 3 [6] were performed (see Figure  7) . VCP" 3 was found to have the lowest number of unsatisfied core hydrogen-bonds and the greatest number of hydrophobic atoms buried in the core of its structure. VCP" 2 was found to have a lower surface area to volume ratio than CR1" 16 and VCP" 3, with CR1" 17 lying somewhere in the middle.
DISCUSSION
The primary sequence of VCP is consistent with the presence of four CP modules joined by short linkers. The NMR solution structure of the C-terminal half of VCP (modules 3 and 4) confirmed that two of the CP-like sequences form discrete compactly folded modules, and that these are joined end-to-end, forming a fairly rigid rod-like structure. Residues forming the intermodular interface are not highly conserved and it is therefore difficult to extrapolate to other intermodular interfaces in VCP or elsewhere in the RCA family. A recent study [8] showed that a combination of hydrodynamic and thermodynamic methods, with the guidance of assigned NMR spectra, could address the issue of how closely CP modules associate with one another. This study was performed on modules 15-17 of CR1. In the current study, a similar approach has been taken to the central two modules of VCP, modules 2 and 3, which are very similar in sequence to modules 16 and 17 of CR1 respectively.
The VCP fragment, VCP" 2,3, was successfully expressed in P. pastoris, and the authenticity of the purified material was confirmed by electrospray ionization MS. This confirmed the presence of six extra residues at the N-terminus (EAEFIK), which were anticipated cloning artefacts [20] . NMR studies showed that the recombinant protein was fully folded and monodisperse at concentrations up to 10 mg\ml. The HSQC spectra were assigned using standard techniques. The spectrum contains two similar sets of roughly 60 cross-peaks, consistent with the presence of two properly folded, structurally related modules. As temperature is increased the cross-peaks ascribed to module 2 lose their chemical-shift dispersion due to module unfolding, but the chemical shifts of module 3 do not change significantly up until 52 mC. Furthermore, comparison of chemical shifts with VCP" 3,4 indicated that module 3 of VCP" 2,3 had folded in a very similar way to module 3 of VCP" 3,4, i.e. it folds independently of modules 2 and 4. These results show that modules 2 and 3, like modules 3 and 4, do not interact extensively with each other. Nevertheless, it has been shown that the four CP modules of VCP do act in a concerted fashion to bind ligand. Therefore the problem of interfaces remain a key issue in understanding structure-function relationships of the protein.
The axial ratio of approx. 5.3 : 1 derived from ultracentrifugation shows that, under native conditions, VCP" 2,3 is a highly asymmetric molecule. Since individual modules are known from NMR studies to have axial ratios of approx. 2 : 1, and the modelled structures of VCP" 2 and VCP" 3 each have an axial ratio of " 2 : 1, this result suggests that the prolate ellipsoid model used to calculate axial ratios from the hydrodynamic data is not an optimal approximation. However, the results do appear to be consistent with the two CP modules being arranged in an end-to-end fashion, as found in VCP" 3,4 [6] . The axial ratio of VCP" 2,3 is also similar to that obtained for the very close homologue CR1" 16,17 (axial ratio 5 : 1) [21] . It was shown earlier that other molecules of complement also adopt elongated structures. For example the frictional ratio of a recombinant, soluble form of CR2 (containing 15 CP modules) indicates that it is a long rod-shaped molecule [22] . Factor H was also revealed to have a flexible extended structure [23] .
It has been shown previously that Trp contributes to the CD signal in both the far-and near-UV wavelength regions [24] . Assignment of the contribution of the Trp residues to the CD spectrum of human carbonic anhydrase II made by Freskga/ rd et al. [25] shows that Trp residues, all positioned in various β-strands, make a significant, positive contribution in the 220-240 nm region. Members of the complement family, such as CR1" 15-17 [8] , the CR1" 1-3 fragment [26] , DAF" 3,4 and the N-terminal fragment of the metabotropic γ-aminobutyric acid receptor [27] (which is composed of a tandem pair of complement protein modules), also show positive ellipticity in the far-UV region. This appears to be a signature of folded CP modules and is likely to reflect certain conserved features within their structures which typically comprise eight short β-strands connected by loops. The nature of the CD profile may be related to the invariant core Trp residues which are located on β-strands and lie close to one of the two totally conserved disulphide bridges in each module.
As the temperature is increased from 20 to 40 mC, the value of ellipticity for VCP" 2,3 at 230 nm ( Figure 5 ) decreases by about 6 %. A minor transition on the calorimetry profile is detected between 32 and 40 mC, giving rise to a shoulder on the leading edge of the major 57 mC transition (Figure 2 ) (or a small, distinct peak at a higher protein concentration). Figure 3 shows that many of the "H-"&N cross-peaks do not show significant changes in chemical shift between 20 and 40 mC, which indicates that both modules of VCP" 2,3 remain fully folded over this temperature range. A minor increase (12 %) of the relative fluorescence intensity was observed over the range 0-1 M GdmCl for VCP" 2,3, although NMR indicates very little unfolding of modules. These small adjustments of VCP" 2-3 conformation, observed by a combination of methods under mild conditions, could correspond to melting of the intermodular junction. If so, melting of the junction between modules 2 and 3 of VCP takes place at a lower temperature (or at a lower GdmCl concentration), and with an apparently smaller enthalpy value, than the junction between modules 16 and 17 of CR1 [8] . Modules 2 and 3 of VCP are homologous with modules 16 and 17 of CR1 (Figure 1b) . Thus, according to this interpretation, the VCP" 2,3 intermodular junction appears to be less stable and extensive than that between CR1" 16-17.
The gradual increase below 2.5 M GdmCl in the fluorescence intensity may correspond both to melting of the junction and to partial melting of module 2. The subsequent sharp transition at 2.75 M GdmCl could correspond to partial unfolding of module 3, which shows some signs of unfolding even at 2 M GdmCl, and further unfolding of module 2. In the case of CR1" 15-17, it was possible to evoke a molten form of the modules at 5 M GdmCl lacking in tertiary structure but with tryptophan buried in a hydrophobic cluster ; this became further unfolded in a second transition at 5.4 M GdmCl. Similarly, for VCP" 2,3 there is a second transition at 4.5 M GdmCl and this could correspond to the further unfolding of an analogous, molten form of modules 2 and 3.
The analysis of VCP" 2,3 indicates that module 2 unfolds more readily than, and independently of, module 3. The stability of modules 2 and 3 of VCP may be compared with the homologous modules 16 and 17 of CR1. Module 2 of VCP" 2,3 melts at 52 mC, whereas module 16 of CR1" 15-17 undergoes melting at 60 mC [8] . Module 3 of VCP melts at 57 mC, whereas module 17 of CR1" 15-17 does so in the range 50-57 mC. Thus module 2 of VCP appears to be less stable than the homologous module 16 of CR1, but module 3 of VCP is more stable than the homologous module 17 of CR1. Consequently, the central modules of VCP melt independently of one another and in a different order to the homologous two modules of CR1.
In an attempt to rationalize the experimental data, we performed an analysis of a number of factors thought to be important in determining module stability. However, it is clear that there are problems relating from the uncertainty of the magnitudes and definitions of these various components ( Figure 7 ). There is no positive or negative correlation between melting temperature and the size of the hydrophobic core, the number of unsatisfied hydrogen bonds or the total number of hydrogen bonds. There does appear to be a weak positive correlation between the surface area\volume ratio and melting temperature, although more data points would be required to confirm this. Such a correlation would be expected, as proteins with a small change in surface area on denaturation are more stable than those which give a large change in suface area on denaturation [28] .
Conclusions
The approach of combining several biophysical techniques to study unfolding of CP modules and intermodular junctions used previously for CR1 [8] has been applied to VCP" 2,3 expressed in P. pastoris. The protein fragment has been shown to contain two compactly folded CP modules joined in an end-to-end fashion as they are in CR1" 15-17 and in the NMR-determined structure of VCP" 3,4. The two modules melt independently of one another and in a different order to the homologous modules of CR1. The 2-3 intermodular junction appears to be less stable, and presumably less extensive, than the 16-17 junction of CR1.
